Chronic administration of 3,4-methylenedioxymethamphetamine (MDMA) is associated with long-term depletion of serotonin (5-HT) and loss of 5-HT axons in the brains of rodents and nonhuman primates. Despite the broad database concerning the selective serotonergic neurotoxicity of recreational MDMA consumption by humans, controversy still exists with respect to the question of whether the well-known functional consequences of these neurotoxic effects, such as memory impairment, were caused by chronic 5-HT deficiency. Habituation and prepulse inhibition (PPI) of the acoustic startle response (ASR) can be used as a marker of central serotonergic functioning in rodents and humans. Thus, we investigated the functional status of the central serotonergic system in chronic but abstinent MDMA users by measuring PPI and habituation of ASR. PPI and habituation of ASR were measured in three groups. The first group (MDMA group) included 20 male drug-free chronic users of MDMA; the second group (cannabis group) consisted of 20 male drug-free chronic users of cannabis; and the third group (healthy controls) comprised 20 male participants with no history of illicit drug use. Analysis revealed significantly increased PPI of MDMA users compared to those of cannabis users and healthy controls. Cannabis users and healthy controls showed comparable patterns of PPI. There were no differences in habituation among the three groups. These results suggest that the functional consequences of chronic MDMA use may be explained by 5-HT receptor changes rather than by a chronic 5-HT deficiency condition. Use of cannabis does not lead to alterations of amplitude, habituation, or PPI of ASR.
INTRODUCTION
The startle reflex is a fast response to a sudden, intense stimulus such as a loud sound and consists of contraction of the skeletal and facial musculature. This reflex is usually classified as a defensive response. The acoustic startle response (ASR) of mammals is mediated by a simple threesynapse neuronal circuit located in the lower brainstem. Neurons of the caudal pontine reticular nucleus are key elements of this primary ASR pathway (Davis et al, 1982; Koch, 1999) . In humans, the eye-blink component of the ASR is quantified by using electromyographic (EMG) measurements of the orbicularis oculi facial muscle (Hoffman and Searle, 1968 ). The startle reflex shows several forms of behavioral plasticity, such as prepulse inhibition (PPI) and habituation. PPI refers to the reduction of ASR magnitude when a distinctive nonstartling stimulus is presented 30-500 ms before the startling stimulus. PPI is used as an operational measure for sensorimotor gating that reflects the ability of an organism to properly inhibit sensory information (Graham, 1975; Hoffman and Ison, 1980) . Habituation is a theoretical construct that refers to the reduction in magnitude of ASR after repeated presentation of the startling stimulus that is not due to muscle fatigue or blunting of sensory receptor responsiveness (Groves and Thompson, 1970) .
The magnitude, habituation, and PPI of the ASR are neurobiological measures that are consistent phenomena across species and are widely used to investigate sensorimotor gating and information processing (Braff et al, 1992; Geyer and Braff, 1987; Swerdlow et al, 1999) .
3,4-Methylenedioxymethamphetamine (MDMA, 'ecstasy') is a drug that is widely abused, especially by young people (Christophersen, 2000) . In animals, administration of MDMA produces a rapid and marked release of serotonin (5-HT) via inhibition and reversal of the 5-HT transporter (Rudnick and Wall, 1992) . There is convincing evidence that MDMA produces a substantial and sustained long-term neurotoxic loss of 5-HT nerve terminals with an associated depletion of 5-HT in several brain regions of rats, guinea pigs, and several species of nonhuman primates (Stone et al, 1986; Commins et al, 1987; Schmidt, 1987; Battaglia et al, 1988; Insel et al, 1989; Wilson et al, 1989; Ali et al, 1993; Scheffel et al, 1998; Hatzidimitriou et al, 1999; Taffe et al, 2001) . Studies of MDMA use in humans have also shown selective decrements in cerebrospinal fluid (CSF) concentrations of 5-hydroxy indoleacetic acid (5-HIAA) as a marker for central serotonergic depletion, with no alterations in CSF homovanillic acid (HVA) or 3-methoxy-4-hydroxyphenylglycol (MHPG), the major metabolites of dopamine and norepinephrine, respectively (McCann et al, 1994 . Finally, an already huge body of evidence is growing concerning neurotoxic effects and associated neuropsychiatric consequences of recreational MDMA consumption in humans, such as impaired cognition, altered behavior, and increased risk of psychiatric illness (for reviews, see McCann et al, 2000; Morgan, 2000; Parrott, 2000 Parrott, , 2001 Gouzoulis-Mayfrank et al, 2002b; Montoya et al, 2002) . However, it remains unclear if these functional consequences following chronic MDMA ingestion are an effect of a chronic 5-HT deficiency condition (Kish, 2002) .
One approach to measure the functional status of the serotonergic system in chronic users of MDMA might be offered by measurement of ASR, because several conditions of ASR are sensitive to psychotropic drugs and were used as functional markers of neurotransmitter systems in animals and humans in previous studies Geyer et al, 2001) .
Work with rodents suggests that acute administration of 5-HT releasers like MDMA, a-ethyltryptamine (AET), and MDEA disrupts PPI (Mansbach et al, 1989; Kehne et al, 1996; Martinez and Geyer, 1997; Vollenweider et al, 1999) and reduces habituation of ASR (Martinez and Geyer, 1997) . In contrast, acute MDMA administration in humans increased PPI and did not alter habituation of ASR (Vollenweider et al, 1999; Liechti et al, 2001 ). MDMA and AET had no effect on the general startle reactivity (mean amplitude of ASR) in humans and rodents (Martinez and Geyer, 1997; Vollenweider et al, 1999; Liechti et al, 2001) .
Acute administration of the 5-HT-depleting agent p-chlorophenylalanine (PCPA) disrupted PPI in rodents (Fletcher et al, 2001; Prinssen et al, 2002) . This finding is consistent with results of a previous study, which reported decreased PPI after dietary tryptophan depletion in humans (Phillips et al, 2000) . The reported effects of 5-HT-depleting agents on habituation in rodents are contradictory: in rats, depletion of 5-HT by PCPA or p-chloroamphetamine slowed down habituation of ASR (Conner et al, 1970; Carlton and Advokat, 1973) . However, other studies failed to replicate this effect (Davis and Sheard, 1976; Overstreet, 1977) , and one study reported acceleration of tactile startle habituation (Geyer and Tapson, 1988) . 5-HT or tryptophan depletion and habituation of ASR in humans have not yet been investigated. Depletion of 5-HT increased the baseline startle amplitude in rats (Conner et al, 1970; Carlton and Advokat, 1973) , but not in humans (Phillips et al, 2000) . It is noteworthy that the effects of serotonergic drugs on PPI and habituation of ASR reported above were studied only for acute administration. Chronic administration of MDMA and other serotonergic substances and their effects on several conditions of ASR have not yet been studied in humans.
In addition, some investigations have reported PPI deficits in neuropsychiatric disorders with a supposed serotonergic component such as obsessive-compulsive disorder (Swerdlow et al, 1993 ) and Tourette's syndrome (Castellanos et al, 1996; Swerdlow et al, 2001) .
The aim of the present study was to investigate the functional status of the serotonergic system in users of MDMA by ASR measurement. Thus, we measured magnitude, habituation, and PPI in chronic but recently abstinent MDMA users compared to those attributes of a clinical control group of cannabis users and healthy controls with no history of drug abuse. The comparison with a control group of cannabis users allowed us to estimate the influence of the common concomitant use of cannabis in MDMA users, which is discussed in previous works as being a strong biasing factor in research with MDMA consumers (Croft et al, 2001; Daumann et al, 2001; Gouzoulis-Mayfrank et al, 2002a) .
MATERIALS AND METHODS

Participants
PPI and habituation of ASR were measured in three groups. The first group (MDMA group) included 20 male drug-free chronic users of MDMA; the second group (cannabis group) consisted of 20 male drug-free chronic users of cannabis; and the third group (healthy controls) comprised 20 male participants with no history of illicit drug use. MDMA users were recruited by advertisement in a techno music magazine. Cannabis users and healthy controls were recruited by advertisement in a local newspaper. Subjects of the MDMA group were required to have used MDMA at least 50 times over a period of at least 1 year. In addition, the use of MDMA had to clearly outweigh the consumption of any other psychotropic drug. To be eligible for inclusion in the cannabis group, no significant previous use of amphetamine derivatives like MDMA and no previous use of cocaine was allowed. ASR assessment was carried out when probands were drug free for at least 3 days (period of abstinence, 15.2972.64 days (mean7standard error of the mean (SEM))). Inclusion criteria for the healthy controls included negative urine drug test results. Legitimate use of psychotropic medication and/or a history of psychiatric illness were exclusion criteria for all groups. The groups did not differ with respect to age, length of education, and smoking habits. Compared to healthy controls, neither the MDMA nor the cannabis group differed concerning intellectual functioning as measured by the MehrfachwahlWortschatz-Intelligenztest (MWT-B) (Lehrl, 1999) . However, the MDMA group and the cannabis group differed significantly with respect to verbal intellectual performance. None of the included subjects reported personal or family history of any DSM IV axis I psychiatric diagnosis. None of the participants had a history of migraine, epilepsy, or craniocerebral trauma. The demographic data of the groups are shown in Table 1 .
The study was approved by the Ethics Committee of the Medical Faculty of the University of Bonn. After being informed of the aim of the study by written and oral description, all participants gave written informed-consent statements.
Procedure ASR assessments were carried out after informed consent was given by all participants and after the administration of a neuropsychological test battery (the results of the cognitive testing will be published elsewhere). For the estimation of verbal intellectual performance, the Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B) (Lehrl, 1999) was used. In addition, an SKID-I interview conducted according to DSM IV procedures was carried out by a psychologist trained for the use of this instrument. Drug history and present pattern of psychotropic drug consumption were assessed by a structured interview. Subjects who were screened for inclusion in the healthy control group were urine tested for use of drugs. During the psychiatric and neuropsychological assessment, the subjects could ask for a break at any time. Smoking was not prohibited before assessment or during the breaks.
Interview For Psychotropic Drug Consumption
For the assessment of the use of legal and illegal psychotropic substances, a structured interview was developed that comprised questions concerning quantity, duration, and frequency of present and past consumption of all known psychotropic substances. Quantity of drug consumption was assessed for MDMA in terms of numbers of tablets consumed. For cannabis and other substances, the quantity was measured in terms of times of use, because it was hard to evaluate and define the concept of a single dose. On the basis of the actual and former substance intake, we estimated a cumulative drug dose. It is to be emphasized that this rough estimation is only of heuristic value. The data for pattern and amount of drug consumption of the groups are shown in Table 2 .
Startle Response Measurement
Electrodes were attached while the participants were seated in a comfortable chair. Subjects were advised that they would hear white noise and bursts over the headphones and were instructed to keep their eyes open. The eye-blink component of the ASR was measured by using an electromyographic startle system (EMG-SR-LAB; San Diego Instruments, Inc., San Diego, CA); registration parameters were described in detail elsewhere (Braff et al, 1992) . Two silver/silver chloride electrodes were positioned below and to the outer canthus of the right eye over the orbicularis oculi muscle, and a ground electrode was placed on the glabella. All electrode resistances were less than 10 kO. Acoustic startle stimuli were presented binaurally through headphones (TDH-39-P; Maico). Each session began with a 4-min acclimation period of 70-dB background white noise that was continued throughout the session. Subjects received 61 sound pulses with a power of 116 dB and a duration of 40 ms, separated by variable intervals (mean, 15 s). In 48 of the trials, the pulse was preceded by a 40-ms prepulse with an interstimulus interval (ISI) of 120 ms of four levels of intensity (72, 74, 78 , and 86 dB; 12 trials each). All trials were presented in pseudorandomized order. The entire test session lasted about 20 min.
A total of 10 subjects were excluded because of minimal or no startle response (ASR magnitude was o25 U) according to the criteria of Braff et al (1992) .
Statistical Analysis
The percent PPI was calculated for each prepulse (PP) trial condition in startle magnitude in the presence of a PP compared to the magnitude of the response to pulse-alone (PA) trials (%PPI ¼ 100 Â (PAÀPP)/PA); these data were analyzed by analysis of variance (ANOVA) (group Â prepulse trial condition, with repeated measures at factor intensity) and by t-tests for independent samples (within groups). PA trials were pooled in six blocks for assessing habituation; these data were analyzed by ANOVA (block Â group, with repeated measures at factor block). The percent habituation was calculated as the reduction in startle magnitude between the first and last block of PA trials (%HAB ¼ 100 Â (first blockÀlast block)/first block) and the first and the second block; these data were analyzed by ANOVA (group and block Â group, with repeated measures at factor block) and t-tests for independent and paired samples (within group). Startle magnitude was assessed for each block of a session by using the mean values of all PA trials; these data were analyzed by ANOVA (group) and by t-tests for independent samples. Demographic data were analyzed by ANOVA and by independent t-tests.
The confirmatory statistical comparisons of all data were carried out at a significance level set at p ¼ 0.05 (two tailed). Figure 1 shows the percent PPI of ASR in all PP trial conditions. PPI was strongly increased in MDMA users tailed)]. t-Tests for independent samples of all PP conditions between cannabis users and healthy controls revealed no significant differences.
RESULTS
PPI
Habituation Figure 2 shows the habituation curve of ASR diagrammed as one initial 116-dB-pulse-alone (PA) trial and following six blocks, where each block contains two 116-dB PA. The process of habituation was not different among groups. An ANOVA (block Â group, with repeated measures at factor block and smoking as a covariable) revealed a significant main effect of the factor block, reflecting within-session habituation (F(5.235) ¼ 18.53; po0.001), but no other main effects. ANOVA between the MDMA and the control groups, respectively (PP intensity Â group, with repeated measures at PP factor intensity), are shown, also with no other main effects.
Startle Reactivity Figure 3 shows the general startle reactivity measured in three variables: the initial PA trial, the first block of PA, and the overall mean of all PAs. ANOVA performed for the groups showed no significant differences in these variables. However, there was a weak trend: the initial PA trial produced less startle reaction in the cannabis group than did the MDMA group (t(31) ¼ À1.5; p ¼ 0.15 (two tailed)) and the healthy controls (t(31) ¼ À1.5; p ¼ 0.15 (two tailed)). This trend disappeared in more reliable measures of startle reactivity, such as the first block of PA or the overall mean of all PAs.
Correlation of ASR Measurement With Demographic Data And Drug Consumption
The percent PPI of all conditions, variables of startle reactivity, and percent habituation between blocks 1 and 6 correlate neither with period of abstinence (days) of MDMA or cannabis (data are shown in Table 3 ) nor with age, length of education, or verbal IQ. Furthermore, percent PPI, startle reactivity, and habituation did not correlate with cumulative MDMA or cannabis consumption, nor did they correlate with smoking (cigarettes smoked per week).
CONCLUSION
To the best of our knowledge, this is the first controlled study investigating ASR of chronic users of MDMA as well as of chronic users of cannabis compared to that of healthy controls. The object of this experiment was to investigate the functional status of the serotonergic system of chronic but recently abstinent users of MDMA by using measurement of PPI of ASR as a functional marker of the central 5-HT system. Analysis revealed an increase of PPI of ASR in users of MDMA. In addition, no influence of cannabis use on several conditions of ASR was observed. Previous animal data have shown that application of MDMA causes a selective and sustained reduction of 5-HT levels in the brain (Stone et al, 1986; Commins et al, 1987; Schmidt, 1987; Battaglia et al, 1988; Insel et al, 1989; Wilson et al, 1989; Ali et al, 1993; Scheffel et al, 1998; Hatzidimitriou et al, 1999; Taffe et al, 2001) , and there is also some evidence for selectively lowered serotonergic neurotransmission in chronic MDMA users (McCann et al, 1994 . Acute 5-HT depletion decreased PPI in animals and humans consistently (Phillips et al, 2000 ; Fletcher et al, Figure 2 Habituation curve diagrammed as mean amplitude of 116-dBpulse-alone trials in six blocks and a single initial 116-dB-pulse-alone trial (means7SEM). 2001; Prinssen et al, 2002) , but surprisingly, we found increased PPI for chronic users of MDMA, indicating alterations of neurotransmission other than just lowered 5-HT. One possible explanation is specific alterations at the receptor level that occur due to chronic MDMA exposure. For example, acute injury with other selective 5-HT neurotoxins can cause denervation supersensitivity of 5-HT receptors (Quattrone et al, 1981; Lucki et al, 1989; Berendsen et al, 1991 ). An enhancement of PPI due to serotonergic challenge is relatively uncommon (for a review, see Braff et al, 2001; Geyer et al, 2001) . For rodents, acute application of the partial 5-HT 1A agonist buspirone (Johansson et al, 1995) , as well as the 5-HT 2A antagonist M100907 (Zhang et al, 1997) , increased PPI. For humans, the mixed 5-HT 2 and 5-HT 1 agonist psilocybin also increased PPI (Gouzoulis-Mayfrank et al, 1998 (1999) showed supersensitivity of 5-HT 1B and/or 5-HT 1A receptors after withdrawal from repeated MDMA treatment in rats. Two studies showed an increase of 5-HT 1A receptor density in the frontal cortex of rats after single and repeated MDMA treatment (Aguirre et al, 1995 (Aguirre et al, , 1998 . Furthermore, it has also been reported that high-dose MDMA treatment causes transient upregulation of 5-HT 1B receptors (Sexton et al, 1999) . A higher 5-HT 2A receptor density in cortical regions has been shown in former MDMA users and in rats 30 days after MDMA treatment, whereas current MDMA users and rats treated with MDMA 6 h prior have shown lower 5-HT 2A receptor density in cortical regions (Reneman et al, 2002) . With our method, we could not differentiate between altered 5-HT receptor sensitivity and density, and future studies should try to deconstruct these different mechanisms.
An alternative explanation for the increased PPI in users of MDMA would be acute effects of the drug, as previously reported (Vollenweider et al, 1999; Liechti et al, 2001) . In fact, the duration of abstinence was at least 3 days, and transient mood disturbances within 1 week following MDMA intake have been previously reported (Parrott and Lasky, 1998) . However, the mean period of MDMA abstinence was 15.29 (SEM, 2.64) days, the median was 14 days, and more than 75% of our MDMA users reported an abstinence of MDMA for more than 1 week. Furthermore, the period of abstinence of MDMA did not correlate with PPI. These facts suggest that the increase of PPI probably cannot be explained by an acute pharmacological effect of MDMA. In the MDMA and the cannabis groups, the duration of abstinence from cannabis was considerably shorter, and it is known that there is a withdrawal syndrome lasting for several days following cessation of cannabis use (Haney et al, 1999) . However, the fact that the duration of abstinence from cannabis in both groups was comparable but that an increase of PPI was shown only in the MDMA group suggests that the observed increase of PPI is not an acute effect of cannabis cessation. This assumption is further supported by the lack of a correlation between the duration of abstinence of cannabis and PPI.
One limitation of this study is that the history of drug consumption was assessed only by using subjective reports. Thus, the reliability of the data must be questioned. A drug usage screening would be helpful to at least control for acute and postacute drug effects within a few days before assessment. A related problem concerns the fact that the exact consumption pattern of drugs across an individual's lifetime is objectively not calculable (Curran, 2000) . However, Stuerenburg et al (2002) found a concordance of 91.3% between the self-reported drug intake and toxicological analyses of hair specimens in a sample of German MDMA users.
The habituation as well as the startle reactivity of ASR of MDMA users was not altered. This finding is consistent with the only study of ASR after chronic administration of MDMA in rats (Slikker et al, 1989) . Although the MDMA group showed a slower but more sustainable habituation, the overall process of habitation was not different among the groups. Furthermore, the MDMA users investigated in this study showed other functional consequences, such as severe impairments of verbal declarative memory and decision making, and they exhibited glucose hypometabolism as measured by 18-FDG positron emission tomography in the frontal cortex, brainstem, and thalamus (data not shown). These data will be published elsewhere.
We investigated a clinical control group of cannabis users to account for a possible effect of the existing concomitant use of cannabinoids on the ASR of our MDMA users and to estimate the influences of personality variables in illegal drug users. Since the increase of PPI was measured between MDMA users and healthy controls as well as between MDMA users and cannabis users, our results could not be explained by personality factors or concomitant cannabis abuse by MDMA users.
Cannabis users did not show any significant alterations of startle reactivity, PPI, or habituation of ASR. This is remarkable insofar as it has been previously shown that acute application of a cannabinoid receptor agonist (CB 1 ) decreases PPI (Schneider and Koch, 2002) and/or startle reactivity (Mansbach et al, 1996; Martin et al, 2003) in rats. However, contradictory results have been reported by Stanley-Cary et al (2002) , who observed that equivalent doses of the CB 1 receptor agonist CP 55,940 increase startle amplitude and PPI in rats. Perhaps these are only acute effects of cannabinoid receptor agonist on ASR; the subjects of the cannabis group were drug free for at least 3 days, and the mean duration of abstinence from cannabis was 6.6 (SEM, 4.9) days. In fact, tetrahydrocannabinol (THC) plasma elimination half-lives ranged between 18 and 50 h after radiolabeled THC administration (Huestis and Cone, 1998 ). An elimination of 95% of a substance takes about five half-lives; therefore, THC takes 3.8-10.4 days to be almost fully eliminated. Even so, we found no significant differences in ASR between the cannabis group and our healthy controls. To the best of our knowledge, there are to date no published data on the influence of cannabis, its psychoactive components, or cannabinoid receptor agonists on PPI and habituation of ASR in humans.
A fundamental problem of investigations in this research area is to differentiate between the acute and chronic effects of drugs on ASR. Most of the studies of rodents and humans reported above have been carried out by using acute administration of psychotropic drugs. Little is known about the chronic effects on ASR and underlying mechanisms of neurotransmission. There are different and interesting effects of chronic vs acute drug effects, and studies with acute or chronic drug application are difficult to compare because of minimal or no data regarding chronic effects. In the future, it will be necessary to study long-term effects of drugs on ASR combined with neurochemical investigations to enhance our knowledge of psychotropic drug effects on ASR. In order to use this paradigm in animal models for psychiatric disorders, it would be of particular interest to determine whether the effect reported here may be replicated in rodents.
Given our results, one could speculate that the empirical findings supported functional consequences of MDMA consumption, such as memory disturbance, elevated impulsivity, or increased risk for psychiatric illness, are less an effect of the supposed 5-HT depletion than they are of changes at the receptor level. Further studies will be needed in order to confirm this speculation with a more specific methodological inventory, which should include combined measurements of behavioral and neurochemical variables. Perhaps this will provide new possibilities for the prevention or treatment of neurotoxic lesions due to MDMA misuse.
